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FOREWORD 
This repor t  w a s  prepared by the Lansdale Division of the 
Philco Corporation, a subsidiary of the Ford Motor Company, 
under Contract No. NAS8-11926. It is  the  second qua r t e r ly  
progress report ,  covering studies performed during the per iod 
from August 22, 1965 t o  November 21, 1965. 
The sub jec t  program is administered under the d i r e c t i o n  of 
D r .  A. M. Holladay of the Astrionics Laboratory, George C. Marshall 
Space F l i g h t  Center, Huntsville, Alabama .  The program bears the 
Phiico Corporation, Lansdale Division, i n t e r n a l  number R-505. 
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SUMMARY 
The purpose of t h i s  program is  t o  s tudy i n  d e t a i l  the causes 
of i n s t a b i l i t y ,  high threshold  voltage,  and s e n s i t i v i t y  t o  gamma 
rad ia t ion  of metal-oxide-silicon (MOS) t r a n s i s t o r s .  
Detai led models re levant  to  the chief problem areas  have been 
developed t h a t  provide a useful  b a s i s  f o r  s e t t i n g  up experiments 
t o  t es t  the  models and add to  their known d e t a i l s .  
Gross i n s t a b i l i t y  due t o  a l k a l i  ion contamination has been 
s tudied  by var ious invest igators .  The behavior of a lkal i  ions i n  
MOS oxides has  been f a i r l y  w e l l  e s tab l i shed  and techniques have 
been developed f o r  preparing good oxides t h a t  are f r e e  of a lkal i  
a 
ions.  
The e f f e c t s  of rad ia t ion  on MOS devices have been evaluated. 
A usefu l  model has  been developed t h a t  provides the bas i s  f o r  
explaining most of the observed e f f e c t s  of rad ia t ion .  
of oxide types w e r e  t e s t e d  t o  determine their s e n s i t i v i t y  t o  
A v a r i e t y  
rad ia t ion .  There w a s  not  much difference among oxides of var ious 
types in so fa r  as  rad ia t ion  res i s tance  is concerned. 
Based on the information developed t o  date,  it is bel ieved 
t h a t  the effects of water on the mobile charge densi ty ,  f ixed 
- iv-  
0 charge densi ty  and radiation s e n s i t i v i t y  are of s u f f i c i e n t  
magnitude that  a major effor t  is  being made t o  introduce equipment 
~ and techniques t o  the  program t h a t  will cont ro l  the w a t e r  content.  
Y- 
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1. INTRODUCTION 
1.1 Proqram Objectives 
The objec t ives  of t h i s  program are t o  develop the 
knowledge and understanding necessary fo r  f ab r i ca t ing  MOS 
t r a n s i s t o r s  with: 
1. More stable electrical characteristics, 
2 .  Lower threshold  voltage,  
3.  Improved res i s tance  t o  ion iz ing  rad ia t ion .  
The r e s u l t s  of this program should a l s o  be appl icable  t o  
improving b ipolar  devices, and therefore  w i l l  be of value f o r  
the improvement of microc i rcu i t s  containing either b ipolar  o r  
MOS devices. 
1.2 Model of Charqe Dis t r ibu t ion  
The e l e c t r i c a l  c h a r a c t e r i s t i c s  of an MOS device are very 
dependent on the d i s t r i b u t i o n  of electrical charges throughout 
i ts  s t r u c t u r e .  
The bas i c  MOS s t r u c t u r e  is shown i n  Figure 1 w i t h  a 
representa t ion  of the  d i s t r ibu t ion  of the var ious charges on 
which the  device c h a r a c t e r i s t i c s  depend. 
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e The behavior of charges i n  the  s i l i c o n  of MOS devices is 
s i m i l a r  t o  that  i n  b ipolar  t r ans i s to r s .  The charges responsible 
f o r  the MOS device problems with which this program is  con- 
cerned are loca ted  i n  the bulk of the oxide, a t  i ts  in t e r f aces  
w i t h  the m e t a l  o r  s i l i c o n ,  or on the top  surface not  covered 
by the m e t a l .  
These charges can be divided i n t o  three  types: fixed, 
trapped, o r  mobile. Fixed charge can be due t o  immobile 
impurity ions o r  t o  charged l a t t i c e  defects .  It is widely 
be l ieved  t h a t  much of this charge may be due t o  the oxygen 
vacancies t h a t  e x i s t  i n  thermally grown oxides. 
S teve ls  and Katzl4 have discussed the wide v a r i e t y  of 
poss ib le  imperfections t h a t  might e x i s t  i n  t he  S i 0 2  network. 
The following is a l i s t  of the imperfections they described, 
along w i t h  t h e i r  opinions concerning the abundance of each 
type 
S i l i c o n  Vacancy - S i l i c o n  vacancies are not  l i k e l y  
because of the very high bonding 
energy with oxygen. 
- Oxygen can e x i s t  e i t h e r  i n  bridg- 
ingor  i n  non-bridging pos i t ions  
i n  the latt ice.  Non-bridging 
oxygen atoms can break away from 
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Oxygen Vacancy 
In te rs  ti t i a l  S i l icon  
- i n t e r s t i t i a i  Oxygen 
Replacement of S i l icon  
By Another Cation 
Replacement of Oxygen 
By Another Anion 
I n t e r s t i t i a l  Cations 
O t h e r  Than Si l icon  
I n t e r s t i t i a l  Anions 
O t h e r  Than Oxygen 
the l a t t i c e ,  leaving oxygen 
vacancies. 
- I n t e r s t i t i a l  s i l i c o n  is  unlikely 
because of the strong tendency 
t o  bond w i t h  oxygen. 
l.rlis e--2 -I^ 
XlbLb as a non-bridging 
oxygen atom which e x i s t s  as a 
p a r t  of the Si-0 network. 
certain special  circumstances 
i n t e r s t i t i a l  oxygen e x i s t s  which 
is  not a p a r t  of the network. 
- Im- 
Under 
- The replacement of s i l i con  by 
cations (A13', B3+, P5+) is very 
common. 
- This poss ib i l i t y  should not be 
overlooked, b u t  does not seem t o  
occur t o  any important extent. 
- In t e r s t i t i a l  cations i n  glasses 
and quartz c rys t a l s  are very 
common. 
- This occurrence is unlikely, but  
may be possible i n  special  
circumstances. 
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e Trapped charge i s  t h a t  charge which is temporarily bound 
t o  si tes i n  the s t r u c t u r e  which have a lower po ten t i a l  energy 
for the  charge than the surrounding regions because of some 
l o c a l i z e d  defect .  Such t raps  a re  due t o  i r r e g u l a r i t i e s  i n  the  
oxide such as impurity atoms o r  l a t t i c e  imperfections. There 
is very probably an abundance of such lattice fiiiwrZectfoiia i n  
the amorphous oxide. Such an i n t e r f a c e  as t h a t  between the 
oxide and the s i l i c o n  should be expected t o  have a r e l a t i v e l y  
high densi ty  of l a t t i c e  and bonding irregularities, and there- 
fore  a high densi ty  of t r aps .  
The proper t ies  of these t r aps  depend on the energy l eve l  
assoc ia ted  with the t r a p  and the loca t ion  of the t r a p  within 
the s t r u c t u r e  of the device. The exact  species  of the  imper- 
f ec t ion  t h a t  functions as  a t r ap  determines w h e t h e r  the  t r a p  is 
a donor o r  acceptor t r a p  - i .e.,  whether it is neut ra l  when it 
holds an e l ec t ron  and pos i t i ve ly  charged when it re l eases  it, 
o r  is  negatively charged when it holds an e l ec t ron  and neut ra l  
when it re l eases  it. The exact species  a l s o  determines i t s  
pos i t i on  i n  the  energy gap r e l a t i v e  t o  the  valance and conduc- 
t i o n  bands of the  oxide. 
e 
Whether o r  no t  a t r a p  is occupied by an e l ec t ron  a t  
equilibrium depends on the e l e c t r i c a l  p o t e n t i a l  a t  the pos i t ion  
e of the  t rap .  
the geometry of these mater ia ls ,  and the e l e c t r i c a l  po ten t i a l s  
This po ten t i a l  depends on the materials involved, 
imposed e i t h e r  by the electrochemical po ten t i a l s  c rea ted  by the 
s t r u c t u r e  i tsel f  o r  due t o  applied vol tages .  The rate a t  which 
such t r a p s  can change their state of charge depends on the 
number of separa te  charged particles availablz to comxnicate 
w i t h  the t r aps  when the e l e c t r i c a l  po ten t i a l  is  var ied.  The 
number of such charges depends on the mater ia l  and the e l e c t r i -  
cal p o t e n t i a l  i n  the region. To i l l u s t r a t e  this point ,  l e t  us 
suppose t h a t  the traps a re  hole traps at the oxide-si l icon 
interface. The r a t e  a t  which such t r aps  can be f i l l e d  follow- 
ing an abrupt change i n  poten t ia l  is proport ional  t o  the 
dens i ty  of holes  i n  the inversion l aye r  i n  the  s i l i c o n .  
e 
There are severa l  main kinds of mobile charge w i t h  which 
this work must be concerned. There a re  holes  and e lec t rons  i n  
the oxide s i m i l a r  t o  those i n  the s i l i c o n ,  and indeed it is 
these holes  and e lec t rons ,  along w i t h  any that  can tunnel from 
the  m e t a l  o r  the s i l i c o n ,  t h a t  f i l l  o r  empty the t r aps  i n  the 
oxide. 
Various contaminating substances, the  most important of 
which are the alkali  ions and hydrogen- and water-related 
species, a re  responsible  f o r  the ins tab i l i t i es  i n  MOS devices. 0 
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e These mobile ions d i f f u s e  and d r i f t  through the  oxide between 
the  m e t a l  and the s i l i c o n  and along the surface of the oxide 
t o  make very s i g n i f i c a n t  changes i n  the surface po ten t i a l  dis-  
t r i b u t i o n  i n  the s i l i c o n .  
1.3 Work t o  Date 
During this first six-month period, the work on this 
program has : 
1. 
2. 
3. 
4. 
S e t  up the necessary f ab r i ca t ion  and tes t  equipment 
t o  make a preliminary evaluat ion of the problems, 
Made a comparative evaluation of var ious kinds of 
oxides, d i f f e r i n g  i n  oxidation processing and post-  
oxidation treatments, f o r  threshold voltage,  s t a b i l i t y  
under b i a s  and a t  elevated temperatures, and f o r  
r ad ia t ion  resis tance,  
Correlated and evaluated thp t h e o r e t i c a l  and 
experimental work of this and o ther  l abora to r i e s  t o  
develop a coherent understanding of MOS s t r u c t u r e s  
and t o  evolve a model which agrees w i t h  experimental 
observations t o  date, 
Established a good l e v e l  of awareness and 
understanding of the r e l a t e d  work reported by o thers  
i n  the journa ls  and a t  recent  conferences (see 
Section 71, 
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a 
Chart 1 ind ica t e s  the percentage of accomplishment on each 
of the  scheduled phases of the program. Del iver ies  of repor t s  
and devices are a l s o  indicated.  
5. Revealed the f a c t  that the w a t e r  content  of oxides 
plays an important p a r t  i n  the determination of oxide 
s t a b i l i t y  and s e n s i t i v i t y  t o  rad ia t ion ,  and t h a t  it 
is very important t o  control  the w a t e r  content  of 
oxides i n  these s tud ies ,  
6 .  Enabled us t o  choose the eqiii2iiieiit and tzdifiiq~es f o r  
the fur ther  experimental phases of the program. 
1.4 Areas of Discussion 
Succeeding sec t ions  of th i s  repor t  deal w i t h  each of the 
main problem areas  w i t h  which this program is concerned. 
are : 
These 
2, I n s t a b i l i t y  a t  e leva ted  temperatures under an 
appl ied  bias, 
3. Radiation-induced degradation, 
4, High threshold  voltage.  
Each of these sec t ions  includes:  
1. Background information, 
2. Model, 
3. P o s s i b i l i t i e s  for improvement. 
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CHART 1. PROJECT PERFORMANCE AND PROGRAM SCHEDULE 
Period Covered: May 21, 1965 t o  November 21, 1965 
6 Com- 
j l e t i o n  
io0 
50 
40 
30 
25 
50 
Phases 
1. 
2 .  
3 .  
4. 
5. 
L i t e r a t u r e  survey 
a. Critical review 
b. Survei l lance 
Determination of t h e  exact 
causes of i n s t a b i l i t y  and of 
the f a i l u r e  of devices t o  meei 
des i red  performance levels . 
Development of techniques t o  
produce stable MOS devices.  
Development of techniques t o  
produce improved device 
performance. i l l  
E ! I  1 Radiation r e s i s t ance  
a. Determination of t he  
effect  of gamma rad ia t ion  
on MOS devices fabr icated 
with var ious s t r u c t u r a l  
and processing 
modifications.  
radiation-induced 
b. Development of a model foi 
, degradation. 
c. Development of techniques 
f o r  improving to le rance  
t o  radiat ion.  
Milestones 
Monthly Progress Reports 
I 
1 
I 
t 
I 1 
- 
Quar t e r ly  Progress Reports 
F ina l  Documentary Report 
Delivery of Demonstrqtion Devices 
(8/delivery) 
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e Sect ion 5 reviews the present state of the program. It  
includes a summary of  our i n t e rp re t a t ion  of the s i g n i f i c a n t  
r e s u l t s  obtained t o  date, and our ideas f o r  possible  approaches 
t o  improving MQS devices. Section 6 contains a statement about 
our plans f o r  fu tu re  experimentation. Sect ion 7 lists con- 
ferences at tended by program personnel, and Sect ion 8 lists the 
references a l luded  t o  i n  the text. 
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2. INSTABILITY AT ELEVATED TEMPERATURES 
UNDER AN A P P L I E D  BIAS 
Probably the most important problem area concerning MOS 
devices is the observed i n s t a b i l i t y  a t  e leva ted  temperatures 
under an appl ied  bias .  The l i t e r a t u r e  contains many references 
descr ibing the causes of t h i s  i n s t a b i l i t y  as being due t o  
a lkal i  ions,  hydrogen, and water. The dens i t i e s  and d i s t r ibu -  
t i o n s  of these contaminants are very dependent on the control  
of materials and ambients throughout the  MOS device f ab r i ca t ion  
processes. 
2 . 1  Backsround Information 
I n  addi t ion  t o  the references mentioned i n  subsections 2.5 
and 2.6 of the l i t e r a t u r e  review p a r t  of the F i r s t  Quar te r ly  
Report, the  supplementary l i s t  of  references i n  Appendix A of 
t h i s  report includes a number of exce l len t  papers t h a t  provide 
background information from w h i c h  a model can be developed. 
2 . 1 . 1  A l k a l i  Ion Contamination 
The gross i n s t a b i l i t y  of MOS devices under bias has  been 
shown t o  be due t o  a l k a l i  ions i n  concentrat ions ranging from 
e about 1d-l cm-* up t o  much higher dens i t i e s .  Supporting 
-11- 
0 evidence f o r  the motions of a l k a l i  ions i n  S i02  can be found i n  
the work of such g l a s s  technologis ts  as Proctor and Su t ton l l  and 
Owen and Douglas9. Snow, G r w e ,  Deal and Sahl3 have s tud ied  MOS 
devices i n  w h i c h  they in t en t iona l ly  introduced a lkal i  ions i n t o  
the oxides. On this basis they have constructed a very usefu l  
model fo r  the i n s t a b i l i t y  due t o  such ions. S i m i l a r  work by 
Logan and Kerr7 subs t an t i a t ed  and extended the theory that  
a lka l i  ions are a p r inc ipa l  cause of the gross MOS device 
i n s t a b i l i t y  problem. 
More recent ly ,  .Yon, Kuper and Kol79l8 have used the 
techniques of radiochemical ana lys i s  t o  c a r e f u l l y  study the 
behavior of sodium i n  oxide layers .  They used neutrons t o  
a c t i v a t e  the sodium and then measured the a c t i v i t y  as successive 
etches removed t h i n  l aye r s  of the oxide. They w e r e  able t o  f i n d  
good c o r r e l a t i o n  between the sodium content  i n  the f i rs t  1000 
of oxide ad jacent  t o  the s i l i c o n  and the pos i t i on  of  the in f l ec -  
t i o n  vol tage  of the C-V c h a r a c t e r i s t i c  curve. They co r re l a t ed  
the d r i f t  i n  sodium atom d i s t r ibu t ion  w i t h  the observed change 
i n  this i n f l e c t i o n  voltage.  They detected s m a l l  d i f fe rences  
between the cases i n  w h i c h  sodium w a s  introduced a s  NaOH, N a C l  
and NaFjr. I n  one case, w i t h  N a B r ,  they found t h a t  the sodium 
0 
concentrat ion increased near the s i l i c o n  in t e r f ace  w h i l e  the 
-12- 
* C-V curve s h i f t  ind ica ted  a decrease i n  ion concentration. 
This they a t t r i b u t e d  t o  a compensating e f f e c t  due t o  the bromine 
ion. This is  not  understood, s ince  one does not  expect bromine 
t o  be more mobile than chlor ine or the hydroxyl. 
They s tudied  how the i m p u r i t i e s  were r ed i s t r ibu ted  by 
d i f fe ren t  condi t ions of bias voltage and temperature. They 
f ind ,  i n  support  of earlier work by Snow et al.13, t h a t  the 
sodium segregates  toward the oxide in t e r f aces  w i t h  the  metal 
and the s i l i c o n .  They show t ha t  when sodium is de l ibe ra t e ly  
introduced i n t o  the oxide by diffusion,  not  a l l  of the sodium 
is  ionized. They f u r t h e r  show that a phosphosi l icate  l aye r  on 
the oxide g e t t e r s  the sodium; i.e.,  sodium segregates  t o  it and 
is  held i n  it. 
S i m i l a r  work involving radiochemical techniques done by 
Carlson e t  a l . 1  and by T.  M. Buck* subs t an t i a t e s  these f indings.  
On the basis of the evidence summarized above as w e l l  as 
observations on purposely contaminated wafers i n  our labora- 
tory,  we be l ieve  it t o  be w e l l  es tab l i shed  that  alkali  ions a re  
responsible  f o r  high temperature gross  i n s t a b i l i t i e s  found i n  
............................................................... 
* T.M. Buck, o r a l  r epor t  a t  the S i l i c o n  Interface S p e c i a l i s t s  
0 Conference, L a s  Vegas, Nevada, November 15-16, 1965. 
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0 MOS devices. The b e s t  s o l u t i o n  t o  t h i s  problem is to prevent 
such ions  from g e t t i n g  i n t o  the oxide. This is accomplished 
with a good degree of success by carefu l  processing t o  prevent 
sodium contamination. 
2.1.2 E f f e c t  of Phosphosil icate Glass 
An alternate technique which has  been used t o  immobilize 
such ions i n  oxides involves the deposit ion of a phosphosi l icate  
l aye r  on the oxide. As described above, radiochemical tech- 
niques show t h a t  phosphorus does g e t t e r  and immobilize sodium 
atoms. However, t h i s  technique has var ious disadvantages. It 
has been repor ted5~16 by various inves t iga tors  t h a t  a high 
dens i ty  of surface s tages  i s  introduced i n t o  the energy gap of 
the s i l i c o n  nea r  both the conduction and the valence bonds when 
such a phosphorus deposi t ion is made. 
a 
O t h e r  explanations have been proposed f o r  the ef fec t iveness  
of phosphosi l icate  g lass .  PliskinlO has s tudied  the e f f e c t  of 
phosphorus on Si02 by inf ra red  spectroscopy and suggests t h a t  
the  phosphosi l icate  es tab l i shes  a higher  degree of polymeriza- 
t i o n  of the S i 0 2  te t rahedra  to  form a t i g h t e r  o r  more dense 
s t r u c t u r e  which impedes the diffusion of impurity ions through 
the fi lm. 
-14- 
Another p o s s i b i l i t y  is that due t o  the higher  conduct ivi ty  
of t he  phosphosi l icate  layer ,  the electric f i e l d s  are reduced 
i n  this region, and this region of lower f i e l d  reduces the d r i f t  
rate of impurity ions.  
Having developed empirical  techniques f o r  f ab r i ca t ing  
oxides f r e e  of a l k a l i  ions,  the important remaining problems 
inso fa r  as i n s t a b i l i t y  is concerned a r e  r e l a t e d  t o  the presence 
of hydrogen and water. 
2.1.3 Effectsof  Hydroqen and Water 
The e f f e c t s  of hydrogen and w a t e r  on oxide proper t ies  a r e  
apparent ly  more sub t l e  and complex. Many inves t iga tors  have 
shown t h a t  hydrogen and water d i f fuse  through fused s i l i c a .  
Many papers repor t  on the observed severe a l t e r a t i o n s  of device 
c h a r a c t e r i s t i c s  during h e a t  treatments i n  hydrogen- o r  water- 
containing ambients. Hydrogen ion d i f fus ion  is  a l s o  suspected 
as the  cause of bias-induced i n s t a b i l i t y  which occurs i n  some 
samples a t  room temperature. 
A recent  paper by Hetherington e t  a1.4 on the high 
temperature 
examples of 
Si02. When 
e l e c t r o l y s i s  of vi t reous s i l i c a  gives  a number of 
the s u b t l e t i e s  involved w i t h  hydrogen and w a t e r  i n  
hydrogen is introduced i n t o  g l a s s  by e l e c t r o l y s i s ,  
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a it exists as hydroxyls w h i c h  a r e  not  replaceable by sodium i n  
subsequent hydrolysis .  Optical densi ty  measurements show that 
sodium can be replaced by hydrogen present  as Si-OH groups. 
E f f o r t s  t o  e l ec t ro lyze  hydroxyl-containing v i t r eous  s i l i ca  have 
shown that " w a t e r "  d i f fused  f r o m  the anode t o  the cathode when 
the s i l i c a  contained aluminum, b u t  not when aluminum was  absen t .  
Hetherington e t  a l ,  s ta te  t h a t  i n  a reac t ion  of w a t e r  vapor w i t h  
si l ica ,  the d i f fus ing  species are bel ieved t o  be either water 
molecules o r  hydroxyl p a i r s  and tha t  i n  a r eac t ion  w i t h  hydrogen 
they are bel ieved t o  be hydrogen molecules. Hetherington e t  a l .  
suggest that  protons are involved i n  e l e c t r o l y s i s .  Further, 
they found tha t  the hydroxyl produced by r eac t ion  of v i t r eous  
s i l i c a  w i t h  either w a t e r  vapor o r  hydrogen can be removed by 
treatment i n  vacuum a t  high temperatures. They f i n d  that this 
cannot be done f o r  hydroxyl introduced by e l e c t r o l y s i s .  Their 
work f u r t h e r  suggests that  each unusually s t a b l e  hydroxyl is 
assoc ia ted  w i t h  an aluminum atom replacing s i l i c o n  i n  the 
v i t r eous  network. Another f inding i s  that e l e c t r o l y t i c a l l y  
introduced hydroxyl blocks the migration of l i thium, sodium, and 
potassium atoms when attempts are made t o  introduce these  by a 
0 
subsequent e l e c t r o l y s i s  f r o m  an anode source. 
On the  bas i s  of the many references i n  the l i t e r a t u r e  t o  
the effects of w a t e r  and hydrogen on the  proper t ies  of s i l i c o n ,  
-16- 
e The s i l i c o n  used f o r  experimental purposes had about 
5 ohm-cm r e s i s t i v i t y ,  w a s  o r ien ted  on the (111) planes, and, 
wi th  one exception, was  phosphorus-doped n-type. 
types  of oxide w e r e  tes ted:  
The following 
1. These oxides w e r e  thermally oxidized i n  dry oxygen 
a t  12OOOC.  
y i e l d  good oxides f r ee  of a l k a l i  ions. The thick-  
ness w a s  2950 A. 
This oxide w a s  prepared i n  the s a m e  way as No. 1, 
above, b u t  w a s  subsequently given a 200 deposi- 
t i o n  of phosphosi l icate  g lass  using a Poc13 source. 
The thickness  w a s  2700 A. 
The processes are those designed t o  
2. 
3. This oxide was  a l so  prepared i n  the same way as 
No. 1, above. It was subsequently baked i n  dry 
ni t rogen  a t  120OOC f o r  15 hours. 
3000 H. 
The thickness was 
4. W o  oxides w e r e  formed by vapor p l a t i n g  a t  1 2 O O O C .  
One was  on p-type s i l i c o n  and the o ther  on n-type 
s i l i c o n .  The respect ive oxide thicknesses  w e r e  
2600 and 2850 A. 
5 .  A vapor p l a t ed  oxide was  formed a t  380OC. Its 
thickness  w a s  3700 A. 
-18- 
6 .  mis oxide w a s  thermally grown i n  w e t  oxygen. Its 
thickness w a s  3000 A. 
7 .  This oxide was  anodically formed. Its thickness w a s  
900 A. 
8. This w a s  a vapor plated m i x e d  oxide (Al203-SiO2). 
Its thickness was 3600 A. 
Each of these oxides was  subjected t o  a standardized 
t e s t ing  procedure. 
after each of the folluwing processing o r  treatment steps: 
The capacitance-voltage curve was measured 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
a. 
9. 
10. 
11 . 
12. 
13. 
I n i t i a l  
3OO0C, dry N2, 1 hour 
400°C, -20 volts,  10 minutes 
4OO0C, +20 volts ,  10 minutes 
Metalize and etch back 
3OO0C, dry rJ2, 1 hour 
4OO0C, -20 volts,  10 minutes 
4OO0C, +20 volts,  10 minutes 
Alloy and mount 
3OO0C, 1/2 hour 
2OO0C, -20 volts,  1 hour 
2OO0C, +20 volts,  1 hour 
Irradiate in C060 source 
I 
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14. 3OO0C, 1 hour 
15. 2OO0C, -20 vol ts ,  1 hour 
16. 2OO0C, +20 volts,  1 hour. 
This tes t ing  sequence was designed t o  show the extent t o  
w h i c h  each oxide changed its fixed charge density during a 
simple one hour bake and the mobile charge density following 
each of the main steps i n  the fabrication process. 
temperature w a s  chosen for  the d r i f t i ng  steps t o  be cer tain 
that the gold ball  probe would detect mobile ions i n  unmetal- 
ized oxides. It now appears tha t  t h i s  step, carried out in 
The 4OO0C 
room a i r ,  may have added significantly t o  the water content of 
the oxide. A f t e r  the devices were mounted, the baking tempera- @ 
t u r e  w a s  reduced somewhat t o  minimize the chemical reaction a t  
the gold-to-aluminum bond. It may be tha t  this problem is  
merely one of long-term r e l i a b i l i t y  of the bond and that fu ture  
tests of the s t a b i l i t y  of packaged MOS devices can be conducted 
a t  300OC. 
nitrogen. 
The alloying was done a t  SSO°C for  S minutes i n  dry 
T a b l e  1 is a tabulation of  the charge densities, as 
calculated from the inflection points  i n  the C-V curves, fo r  
the fixed and mobile charge dens i t ies  after each s t ep  i n  the 
fabrication process fo r  each of these oxides. 0 
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Table 1 
Charge Densit ies (Charges /cm2) 
Oxidation 
Fixed 
A f t e r  
m bake Mobile 
Alloy 
Metal izat ion Mount 
Fixed Mobile Fixed 
Fixed 
1. Ion free 5-6 x 
Oxide Tme I n i t i a l  
thermal 1011 
silicate 1012 
bake 1012 
120oOc 
2, FhOSphO-  l x  
3. 1200°C N2 2.3 x 
4. Vapor p l a t ed  
p-type S i  4 x 
1011 
3-4 x 
1011 
1011 
I 
1 9 x  
1.7 x 
I 
N o t e s  : 
None 1-3 x 4 x 4 x  
1011 1011 1011 
8 x  4 x  7 x  
sone 1011 1011 1011 
2.3 x 1 x 1.7 x 
None l 0 l 2  1011 1012 
n - t y p e S i  4 x  ' 
1011 
7 x  
l o l l  
7 x 7 x 4.5 x 
None 10l1 10l1 1011 
and 
ns 
5 . Vapor p l a t ed  3.2 x 
38OoC 1012 
6. W e t  thermal 6 x  
1011 
7. Anodic ( N o t e  
1) 
8 .  Mixed Al2O3- 2 x 
s i 0 2 ( ~ o t e  3) 1011 
Mobil 
7 x  
1011 
3.5 x 
1011 
4 x  
1011 
4 x  
1011 
2 x  
1011 
2 x  
1011 
1.5  x 
1011 
6 x 1.5 x 4.5 x 
None 1011 1011 1011 
(Note (Note 3 x 
(Note (Note Cannd 
None 2)  2) 1011 
None 2)  2) be 
m e a -  
sured 
1012 
1012 
1011 
1012 
1012 
2 x  
3-4 x 
2.8 x 
5 x  
1. The i n f l e c t i o n  region of the C-V curve was t o  broad t o  make 
a reasonable measurement. Such a curve is in t e rp re t ed  as 
r e s u l t i n g  from a high t r a p  densi ty .  
2. Oxides 7 and 8 were no t  t e s t ed  a f t e r  metal izat ion.  Af te r  
a l loy ing  and mounting they w e r e  t e s t e d  a t  3OO0C, 220 V f o r  
2 minutes. 
As descr ibed i n  the text, these da ta  are no t  of high 
accuracy because the  C-V curves are poorly shaped. However, 
the q u a l i t a t i v e  r e s u l t s  are  bel ieved to be valuable.  
3. 
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e On the basis of the information given i n  Table 1, there 
seems t o  be no clearcut advantage involved w i t h  choosing any 
one of the oxidation processes or post-oxidation techniques thus 
far evaluated o the r  than thermal oxidation. 
In  view of this in fomat ion  and the often-reported effects 
of w a t e r ,  we now bel ieve that the effects of w a t e r  may have had 
a major influence on tha rsrulta e h m  i n  Tabla 1. 
2.1.5 Mixed Oxides 
In addi t ion t o  the work summarized i n  T a b l e  1, severa l  
o t h e r  s i g n i f i c a n t  empirical  observations have been m a d e .  A 
s i l i c o n  w a f e r  w a s  given a vapor plated deposit ion of A1203 a t  
38OoC. The C-V curve on this oxide ind ica ted  t h a t  the oxide 
a 
contains  a r e l a t i v e l y  large density of negative charge. This 
is  important because of the f a c t  t h a t  the charge i n  a l l  of the 
o t h e r  oxides tested was  posi t ive.  This charge appears t o  be 
immobile a t  40OoC,f30 v o l t s  f o r  one hour. Unfortunately, it is  
d i f f i c u l t  t o  m a k e  measurements on this oxide because it has a 
high densi ty  of leakage current  paths. 
The observation that A1203 contained negative charge led 
us  t o  m a k e  a mixed oxide of A1203 and Si02 i n  the hope that the 
process could be developed t o  the poin t  w h e r e  the pos i t i ve  and e 
-22- 
a negative charges are i n  equal  concentration, and therefore there 
is no ne t  charge. Such mixed oxides (A1203-Si02)  were vapor 
plated a t  380°C. 
charges/cm2 that are very mobile a t  room temperature. 
charges d r i f t  t o  cause shifts i n  the C-V curve between +30 vol t s  
and -30 Volt8 i n  several seconds a t  room temperature. Such an 
oxide was  then subjected t o  120OoC i n  dry nitrogen for  15  m i n -  
u t e s ,  and the r e s u l t  is  that described as Oxide No. 8 i n  Table  1. 
I n  the case of the m i x e d  oxide, it w a s  a lso noted tha t  the 
inf lect ion region i n  the C-V curves w a s  gradual. This is 
interpreted t o  be due t o  a high trapping state density. 
this bake, some of the aluminum diffused in to  the s i l icon,  
making a f a i r l y  high density p-type surface (as determined by 
comparative sheet r e s i s t i v i t y  and thermal probe tests on both 
sides of the w a f e r  after the oxide was etched away). 
As formed, these oxides have about 4 x 1012 
These 
During 
2.2 Model 
The oxide is assumed t o  contain sodium and hydrogen ions. 
The hydrogen ions are probably introduced as  w a t e r ,  w h i c h  reacts 
w i t h  the aluminum t o  form hydrogen. Depending on the tempera- 
ture ,  these ions d r i f t  under the force of applied electric 
fields t o  change the distributions of charge i n  the oxide. Such 
d r i f t i n g  takes place a t  room temperature for  hydrogen, and a t  
temperatures above about 100"~ for sodium. 
e 
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0 According t o  Gauss' law,  any charge i n  the oxide must 
induce layers of charge i n  the m e t a l  and i n  the s i l i con  a t  the 
oxide interfaces, so tha t  the sum of the induced area charge 
densi t ies  is equal i n  magnitude and opposite i n  polar i ty  t o  
that i n  the oxide. 
The amount of charge that appears i n  the s i l i con  depends 
on the voltage applied between the metal and the s i l i c o n .  Thia 
is because these charge layers establish the f i e l d  dis t r ibut ion 
i n  the oxide, and the integration of the f ie ld  over the dis- 
tance across the oxide must be equal t o  the voltage across the 
oxide . 
For s i l i con  w i t h  a given dopant density (and a given 
dis t r ibut ion of t raps) ,  there is a unique relationship among 
the area density of charge i n  the s i l icon,  the depletion layer 
thickness, and the density of charge i n  the inversion layer. 
2.2.1 E f f e c t s  of Ion D r i f t  
When the sodium or hydrogen ions d r i f t  t o  rearrange their 
d is t r ibu t ion  under the influence of an applied f i e ld ,  they 
thereby induce a change i n  the area density of charge i n  the 
s i l icon.  This change i n  to t a l  area charge density i n  the sili- 
1) con . i n  turn causes a change i n  the depletion layer  thickness 
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* and i n  the charge dens i ty  of the inversion l aye r  f o r  a given 
appl ied  vol tage  (assuming the  vol tage  is such that the deple- 
t i o n  l aye r  and invers ion  layer e x i s t ) .  
The effect of a movement of charge i n  the a i d e  t o  change 
the deple t ion  l aye r  thickness or the inversion l aye r  charge 
dens i ty  is the cause of i n s t a b i l i t y  i n  the characteristics o f  
MOS devices. 
S t a b i l i t y  can be achieved i n  either of two ways. One way 
is  t o  form MOS devices w h i c h  a r e  f r e e  of mobile ions i n  the 
oxide, and the o ther  is  t o  immobilize such ions i f  they are 
e present .  
The absence of such impuri t ies  requires  no f u r t h e r  
explanat ion i n  a discussion of the model. 
2.2.2 Immobilizinq Impurity Ions 
There are several possible  ways of immobilizing impurity 
ions o r  atoms. The presence of phosphorus i n  the oxide may 
establish a h igher  degree of polymerization of the S i O a ' t e t r a -  
hedron t o  form a more dense s t ruc tu re  w h i c h  w i l l  i m p e d e  the 
drift of impurity ions through the oxide f i l m .  Al ternat ively,  
the presence of a substance such as phosphorus may provide sites 
t o  w h i c h  sodium ions can be a t t r a c t e d  and held.  .I) 
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It may be possible  t o  introduce l eve l s  i n  the energy gap 
of the oxide by adding some other mater ia l ,  possibly phosphorus, 
so t h a t  the pos i t ion  of the Fermi l eve l  is r a i sed  t o  the poin t  
w h e r e  sodium atoms a r e  neut ra l  rather than ionized. I n  this 
case, the sodium would not be ionized i n  the phosphorus l aye r  
and therefore  would not d r i f t  through i t  under the inf luence  of 
a field. 
ionized, b u t  i f  they are not mobile and are  near the metal 
rather than the s i l i c o n ,  such added i m p u r i t i e s  could improve the 
s t a b i l i t y  of the device c h a r a c t e r i s t i c s  without adding t o  the 
immobile charge densi ty  near the s i l i con .  
The added phosphorus levels would be expected t o  be 
2.2.3 Chemical and Electrochemical Conditions 
It is possible  t h a t  some substances may have a c a t a l y t i c  
effect that influences a chemical react ion,  and therefore  
affects the bonding s t r u c t u r e  i n  the oxide. This m i g h t  change 
the d i s t r i b u t i o n  of  allowed states i n  the energy gap and thereby 
a l te r  the number of ions i n  the oxide. S i m i l a r  effects may be 
involved w i t h  hydrogen and aluminum, except that .the aluminum 
seems t o  increase the number and/or mobili ty of the hydrogen 
ions.  
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The MOS st ructure  is an e lec t ro ly t ic  c e l l  i n  which the 
aluminum is the anode and the s i l i con  is the cathode. The 
electrochemical potential  developed by t h i s  cell is capable of 
creating mobile charge, dr i f t ing it, and establ ishing the poten- 
t i a l  dis t r ibut ion tha t  can affect  the s t a t e  of ionization of 
individual impurity or defect s i t e s .  
2.3 Poss ib i l i t i es  for  Improvement 
The empirical techniques tha t  have been developed t o  form 
MOS structures w i t h  a minimum of a l k a l i  ion contamination pro- 
duce MOS devices tha t  are quite stable.  There are poss ib i l i t i es  
for  improving these techniques by more precisely determining 
w h e r e  the small percentage of XOS devices are contaminated when 
these empirical techniques yield unstable devices. 
Occasionally, MOS devices are found t o  have an in s t ab i l i t y  
a t  room temperature. This i s  believed t o  be re lated t o  the 
water content of oxides. This is not well understood because 
most oxides do not show this i n s t a b i l i t y  even when they have 
been exposed t o  water during the fabrication processes. 
The e f f o r t  yet  t o  be made on th i s  par t  of the program w i l l  
be directed a t  determining the causes of these occasional con- 
taminations which cause some batches of devices t o  be unstable. 
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3 .  RADIATION INDUCED DEGRADATION 
3.1 Backqround Information 
W e  have exposed both capacitors and t r a n s i s t o r s  formed 
of m o s t  of the oxides described i n  the previous s e c t i o n  t o  
r a d i a t i o n  from a cobaltG0 source and t o  a low-energy X-ray 
machine. 
The X r ad ia t ion  w a s  45 keV i n  energy and of uncal ibrated 
This rad ia t ion  produced s i g n i f i c a n t  changes wi th in  i n t e n s i t y .  
15 minutes. 
is that  t h e  X-ray machine is  conviently located near the 
One of the chief  values  of working w i t h  X-rays 
laboratory and thus can be used t o  make quick rough checks cn 
the e f f e c t  of ionizing rad ia t ion  on devices.  The degradation 
from X-rays is  s i m i l a r  t o  t h a t  produced by gamma rad ia t ion  
except for d i f f e rences  i n  the  amount of absorpt ion i n  the 
packaging ambient material. 
the e f f e c t  of packaging ambient  materials is g r e a t e r  i n  t h e  
case of X-rays than i n  the case of gamma rad ia t ion .  
Our experiments i nd ica t e  that  
The da t a  presented here i s  l imi ted  t o  those  f o r  gamma 
rad ia t ion .  The dose ra te  w a s  8 x lo4 rads/hour. 
3.1.1 Effects of Gamma Radiation on Trans i s to r s  
A group of p-channel MOS t r a n s i s t o r s  w a s  fabr ica ted  w i t h  
The effects of both bias p o l a r i t y  the regular  thermal oxides. 
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and temperature on the  rate of degradation under gamma rad ia t ion  
w e r e  sought. 
of the t r a n s f e r  cha rac t e r i s t i c s  taken f r o m  a curve t r a c e r .  A 
photograph of the equipment used is shown i n  Figure 2. These 
t r a n s i s t o r s  w e r e  formed as part of a microc i rcu i t  configuration. 
There w a s  a diode i n  p a r a l l e l  with the gate and source connection 
w h i c h  prevented appl ica t ion  of pos i t i ve  vol tage  t o  t h e  gate .  
me t e - z t  was then conducted at two temperatures, - 7 8 0 ~  and +950c, 
and a t  0 and -20 v o l t s  b ias .  
able l i m i t s  on t h e  normal operating vol tage range for such 
devices.  The results are shown i n  Figures 3 through 6. The 
The da ta  w e r e  col lected i n  t h e  f o r m  of photographs 
These voltages represent  reason- 
s a m e  devices w e r e  t e s t ed  first a t  the higher  temperature and 
then a t  t h e  l o w e r  temperature. V e r y  simply, the da ta  show that  
i n  t h i s  range of temperature and vol tage,  the r a t e  of degrada- 
t i o n  is much the same fo r  any of t he  indicated conditions.  
3.1.2 Effec ts  of Gamma Radiation on Capacitors 
The measurements w i t h  capacitors yielded more usefu l  
information. Figures 7a and 7b show t h e  r e s u l t s  for  t w o  typical 
capac i tors  which d isp lay  t h e  important q u a l i t a t i v e  observations.  
(The number associated with each curve shows the t e s t i n g  sequence.) 
These f igu res  show t h a t ,  a s  w i t h  the t r a n s i s t o r s ,  there is no 
s i g n i f i c a n t  d i f f e rence  b e t w e e n  the degradation w i t h  a negative 
gate vol tage  and w i t h  a zero gate  voltage.  There is  a very 
pronounced d i f fe rence  between the degradation w i t h  negative * 
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3- 13,400 RADS, 
NO APPLIED BIAS 
2-6,700 RADS, 
NO APPLIED 81 + 2 0 V  ON METAL 
4- 33,000 RADS, 
NO APPLIED BIAS 
6-ADDITIONAL 6,700 RADS, 
SHORT CIRCUIT I-BEFORE IRRADIATION 
* I 
IO 20 
VOLTS (ON METAL) 
C 
A. 
- 20 VOLTS 5- ADDITIONAL 6,700 RADS, 
4- ADDITIONAL 6,700 RADS, 
17 HRS, +20 VOLTS 
IRRADIATION 
2-10,600 RADS, OPEN CIRCUIT I 6-ADDITIONAL 6,700 RADS, OPEN CIRCUIT 
0 IO 20 
VOLTS (ON METAL) 
B. 
30 
Figure 7. Typical e f f e c t s  of r ad ia t ion  on MOS capaci tors .  
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bias vol tage and t h a t  with pos i t ive ,  Following i r r a d i a t i o n  
under pos i t i ve  bias, which introduces pos i t i ve  charge i n t o  the 
oxide,  f u r t h e r  i r r a d i a t i o n  w i t h  ei ther a short  or open c i r c u i t  
reduces the p o s i t i v e  charge i n  the oxide. There is  very 
* 
l i t t l e  d i f f e rence  observed between tes ts  w i t h  the capaci tor  
terminals  s h o r t  c i r c u i t e d  or open c i r c u i t e d  a t  any stage of 
this  t e s t ing .  Recovery of t h e  device c h a r a c t e r i s t i c s  following 
the i r r a d i a t i o n  does not  o c c u r  a t  room temperature. Figure 8 
s h o w s  a measure of the r a t e  a t  which t r a n s i s t o r s  do anneal 
a f t e r  the i r r a d i a t i o n .  Good annealing i n  reasonable t i m e  
per iods are observed a t  temperatures above 20OoC. 
Tables 2a through 2g are a t abu la t ion  of the r e s u l t s  of 
the t e s t i n g  of capac i tors  made of t h e  various kinds of oxides. 
The test  temperatures w e r e  -78OC, +2OoC, and +108OC. The 
sequence of presentat ion is t h a t  i n  w h i c h  t h e  t es t  w a s  run. 
The dose i n  each case  i s  the add i t iona l  dose given a t  t ha t  
0 
. s t e p  i n  t h e  t e s t i n g  sequence. The i n f l e c t i o n  vol tage i s  taken 
f r o m  the C-V curve, The thicknesses of these oxides are given 
i n  paragraph 2.1.4 of this report .  Since t h e  thicknesses  of 
these oxides are a l l  f a i r l y  c lose  t o  3000 8, the vol tages  can 
be compared d i r e c t l y ,  The AV column is included t o  make it 
easier t o  compare the e f f e c t s  of various doses and circuit 
conditions , 
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+ D e v i c e  8141 [ D e v i c e  #IO+ 
G a t e  V o l t a g e :  0.5 volt /step up t o  8 v o l t s .  
s 
BEFORE ANNEALING f 
!-AFTER P NEALING ~ p j  
1 9  hrs @ 1 6 5 O C  f 
I 
2 1  hrs Q 1 6 5 O C  
V e r t :  0.02 m a / d i v  V e r t :  0.05 m a / d i v  
Eoriz: 2.0 v/div 1 H o r i z :  2 .0  v/div 
1 
i 
2 1  hrs @ 1 6 5 O C  p lus  1 19 h r s  Q 1 6 5 O C  p lus  
2 1  hrs @ 1 6 5 O C  p lus  I 19 hrs  @I 1 6 5 O C  p lus  
7 hrs  Q 2OO0C I 7 hrs  @ 2OO0C 
I 
1 H o r i z :  2.0 v/div 
I 
I 
ert: 0.02 m a / d i v  V e r t :  0.05 ma/div 
H o r i z :  2.0 v/div 
2 1  hrs Q 1 6 5 O C  p lus  
28  hrs  @ 2OO0C 
I 19  hrs  @ 1 6 5 O C  p lus  
2 8  hrs @ 2OO0C 
Figure 8, Annealing of NOS transistors after gamma irradiation. 
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Table 2b 
Resul ts  of I r r a d i a t i o n  on Thermal Oxide w i t h  Phosphorus Deposition 
A U O A  
CKT CONDITIONS NO . and 
TEMP. 
SAMPLE I rnmFcrn 1 I INFLECTION1 1 
A V  VOLTAGE 
( V o l t s )  
#1 
-20% 
I n i t i a l  
1.2 x lo4 rads 
6.7 x lo3  rads 
6.7 x lo3 rads 
6.7 x lo3 rads 
open 
-2ov 
+20v 
open 
#2 
-2OOC 
#3 
-78OC 
*4 
-78OC 
-11 . 0 
-15.0 7 4.0 
-20.5 - 5.5 
-28.5 a 8.5  
-27.5 + 1.0 
I n i t i a l  
1.2 x l o4  rads 
6.7 x lo3 rads 
6.7 x lo3 rads 
6.7 x lo3 rads 
open 
-2ov 
+20v 
open 
-2ov 
-2ov 
I n i t i a l  
7 x lo3 rads 
2.4 x l o 4  rads 
-10 . 5 
-15.0 
-20.5 
-28.5 
-28.0 
- 5.5 
-15.5 
-18.0 
-2ov 
-2ov 
I 
I 
I 
I 
- 7.0 
-27.0 
-37.0 
I n i  t i a  1 
2.0 x lo4 rads 
~ 2.1 x lo4 rads 
- 4.5 
- 5.5 
- 8.0 
+ 0.5 
-10.0 
- 2.5 
-20.0 
-10.0 
-3 9- 
Table 2c 
Results of I r r a d i a t i o n  on Thermal 
SAMPLE 1 
NO. and 
TEMP. 
TEST 
CONDITIONS 
Oxide w i t h  15  Hours, N2 a t  120OOC 
INFLECTION 
CTK VOLTAGE 4 v  
(Volts ) 
#I 
+20oc 
I n i t i a l  -20.0 
1.2 x l o 4  rads open -26.0 
6.7 x lD3 rads -28V -30.0 
6.7 x lo3 rads open -39.0 
6.7 x lo3 rads -2ov -44.8 
I 
- 6.0 - 4.0 
-14.0 
f 5.0 
~~ ~ 
#4 
-78OC 
~ 
#2 
+2O0C 
I n i t i a l  -22.0 
9 x lo3 rads -2ov -33.0 
2.4 x lo4 rads -2ov -42.0 
#3 
+105OC 
#5 
-78OC 
I n i t i a l  
1.2 x lo4 rads 
6.7 x lo3 rads 
6.7 x lo3 rads 
6.7 x lo3 rads 
I n i t i a l  -24.0 
2.1 x lo4  rads -2ov -36.0 
2.1 x lo4 rads -2ov -43.0 
I n i t i a l  
6.7 x lo3 rads 
1.3 x lo4 rads 
short 
-2ov 
+20v 
open 
-2ov 
-2ov 
- 4.0 
-10 . 0 
-10.0 
-28.5 
-23.5 
-23 .O 
-28.0 
-36.0 
- 6.0 
0 
-18.5 
+ 5.0 
- 5.0 
- 8.0 
-11.0 
- 9.0 
-12 . 0 
- 7.0 
-40- 
Table 2d 
Results of I r r a d i a t i o n  on Vapor Plated 
Oxide, 12OO0C, p-type Si 
NO . and 
TEMP . 
SAMPLES I rnnnrn 1 f  INFLECTION^ 
CKT VOLTAGE A V  IC131 CONDITIONS 
( V o l t s )  
I I 1 I 
1 I i I 
#1 
+2O0C 
I I I I 
I n i t i a l  
1 .2  x lo4 rads 
6.7 x lo3 rads 
6.7 x lo3 rads 
6.7 x lo3 rads 
open 
-2ov 
+20v 
open 
- 4.5 
- 8.5 
-13.0 
-19.5 
-19.5 
- 4.0 
- 4.5 
- 6.5 
0 
#2 
+20% 
I n i t i a l  
6.7 x lo3 rads 
6.7 x lo3 rads 
2 x lo4 rads 
6.7 x lo3 rads 
6.7 x lo3 rads 
open 
open 
open 
+20v 
open 
- 4.5 
- 5.5 
- 6.0 
- 7.0 
-16.5 
-16.5 
- 1.0 
- 0.5 
- 1.0 
- 9.5 
0 
#3 
+105oC 
I n i t i a l  
1.5 x lo4 rads 
4.5 x lo3 rads 
-2ov 
-2ov 
- 4.5 
-16 . 0 
-17.0 
-11.5 
- 1.0 
I I 1 1 
-41- 
. '  
I n i t i a l  
6.7 x lo3 rads 
6.7 x lo3  rads 
2 x lo4 rads 
6.7 x 10 rads 
6.7 x l o3  rads  
I n i t i a l  
1 .2  x l o 4  rads 
3 
6.7 x lo3 rads 
6.7 x lo3 rads 
6.7 x l o3  rads  
I n i t i a l  
1.6 x l o 4  rads 
3.4 x lo3 rads 
Table 2e  
Results of I r r a d i a t i o n  on Vapor Plated 
Oxide, 12OO0C, n-type Si 
open 
open 
open 
+20v 
s h o r t  
open 
-2ov 
+20v 
open 
-2ov 
-2ov 
CKT TEST 
CONDITIONS 
SAMPLE 
NO . and 
TEMP . 
- 5.0 
- 5.5 
- 6.2 
- 7.5 
-21.0 
-20.5 
- 4.5 
-10.5 
-17.0 
-29.0 
-29.0 
- 5.0 
-24 . 0 
-24 . 0 
#1 
+20oc 
- 0.5 
- 0.7 
- 0.7 
-13.5 
+ 0.5 
- 6.0 
- 6.5 
212.0 
0 
-19 . 0 
0 
#2 
+20oc 
- 6.0 
-10.5 
-24.0 
#3 
+105OC 
- 4.5 
-13 -5  
#4 
+lo5OC 
#5 
-78OC 
I 
I I 
I n i t i a l  
3.4 x 10 rads -2ov 3 
1.6 x l o 4  cads -2ov 
1.7 x l o 4  rads -2ov 
2.2 x lo4 rads -2ov 
I n i t i a l  
-25.5 -18.0 
-11.5 
-42- 
Table 2f 
Results of I r r a d i a t i o n  on Oxide 
Vapor Plated a t  38OoC 
I I I I I I 
+20oc L 
INFLECTION 
VOLTAGE 
(Volts) 
- 5.0 
- 5.2 
- 5.2 
I - 6.0 
-11.0 ~ 
-21.0 
#3 
+105OC 
+2O0C 
I n i t i a l  
6.7 x l o 3  rads 
6.7 x lo3 rads 
2 x l o 4  rads 
2 x l o 4  rads 
6.7 x l o 3  rads 
-~ 
open 
open 
open 
+20v 
s h o r t  
I n i t i a l  
6.7 x l o 3  rads 
6.7 x lo3 rads 
2 x l o 4  rads 
6.7 x lo3 rads 
6.7 x l o 3  rads 
- 7.2 
- 7.5 
- 7.5 
- 8.0 
-13.5 
-13.5 
I n i t i a l  
8 x l o 3  rads 
1.2 x l o 3  rads 
-2ov 
-2ov 
open 
open 
open 
+20v 
open 
-13.0 
-12 . 0 
-16.0 
#4 
-78OC 
I n i t i a l  
1.6 x l o 4  rads 
2.2 x lo4 rads 
- 0.2 
0 
- 0.8 - 5.0 
-10 . 0 
- 0.3 
0 
- 0.5 
- 5.5 
0 
- 5.0 
- 6.5 
- 4.7 
- 4.0 
-43- 
. '  
- 1.0 - 0.1 
- 1.0 
-11 . 6 
+ 5.0 - 
- 1 . 3  
- 0.1 
0 
-13.1 
+ 4.5 - 
Table 2g 
Results of Irradiat ion on 
Thermal Oxide, W e t  Oxygen 
SMPLE 
NO. and TEST CONDITIONS 
I n i t i a l  
6.7 x 103 rads 
6 . 7  x lo3 rads 
2 x lo4 rads 
6.7 x lo3 rads 
6 .7  x lo3 rads 
#2 
+20oc 
I n i t i a l  
6.7 x l o 3  rads 
6.7 x lo3 rads 
2 x l o 4  rads 
6.7 x lo3 rads 
6 . 7  x lo3 rads 
CKT 
open 
open 
open 
+20v 
short 
open 
open 
open 
+20v 
open 
INFLECTION 
VOLTAGE 
( V o l t s )  
- 4.3 
- 5.3 
- 5 . 4  
- 6.4 
-28.0 
-23 . 0 
- 4.0 
- 5 . 3  
- 5.4 
- 5.4 
-28.5 
-24.0 
A v  
c 
-44- 
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The v a r i a b i l i t y  within each sample represent ing an 
oxide type is  much the s a m e  as t h a t  among groups. There is  
0 
l i t t l e  evidence t h a t  any of these oxide types offers a s igni -  
f i c a n t  advantage over the o thers  i n so fa r  a s  r ad ia t ion  r e s i s t ance  
is concerned. There are several observations w o r t h  noting. 
The vapor p la ted  (a t  120OOC and a t  380OC) oxides do n o t  show 
an  improvement when i r r a d i a t i o n  i s  continued without a pos i t i ve  
bias af ter  an i r r a d i a t i o n  w i t h  a pos i t i ve  b i a s .  
The differences among the var ious oxides may be obscured 
by the e f f e c t s  of moisture and o ther  possible contaminants. 
3.1.3 O t h e r  Published Information 
A t  the S i l i con  In t e r f ace  S p e c i a l i s t s  Conference, 
A. S. Grove* reported t h a t  when he i r r a d i a t e d  devices w i t h  
35 keV X-rays a t  a dose r a t e  of 5000 rads/sec, he found 
0 
t h a t  the induced charge saturated w i t h  t i m e  a t  a l e v e l  
w h i c h  depends on the  vol tage  applied t o  t h e  gate .  H e  
found tha t  the induced charge is  the same for zero vol tage  o r  
any negat ive vol tage.  
charge i s  proport ional  t o  the square roo t  of the p o s i t i v e  
appl ied voltage.  
H e  found that t h e  amount of induced 
H e  explained h i s  da ta  by assuming a uniform 
* A . S .  Grove, o r a l  repor t  a t  the S i l i c o n  In t e r f ace  S p e c i a l i s t s  
Conference, L a s  Vegas, Nevada, November 15-16, 1965. 
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a 
0 
0 
d i s t r i b u t i o n  of e l ec t ron  t r aps  i n  t h e  oxide w i t h  a dens i ty  of 
1 . 7  x lo1* cm-20 
In  a study of the effects of X-rays, gamma rad ia t ion ,  
and u l t r a v i o l e t  l i g h t ,  K 0 0 i 1 7  found t h a t  a f t e r  X - r a y  o r  gamma 
r a d i a t i o n  increases  the densi ty  o f  pos i t i ve  charge i n  t h e  oxide, 
an i l l umina t ion  with ultraviolet L i g h t  with a photon energy of 
a t  l eas t  4.2 e V  reduces the pos i t ive  charge i n  w e t  oxides 
b u t  no t  i n  dry oxides.  I n  w e t  oxides,  t he  u l t r a v i o l e t  
i l lumina t ion  decreases the pos i t i ve  charge dens i ty  t o  a l o w e r  
l e v e l  i f  the oxide is f irst  subjected t o  X-ray or gama  radia- 
t i o n  rather than j u s t  being exposed t o  the u l t r a v i o l e t  l i g h t ,  
The channel cur ren t  of a n  n-channel MOS t r a n s i s t o r  w a s  measured 
as  a function of t i m e  i n  X r ad ia t ion  a t  a constant  dose rate. 
The channel cur ren t  f irst  increased and then decreased as the 
i r r a d i a t i o n  proceeded. H e  f inds t h a t  i n  many cases t h e  
presence of hydroxyl i n  the oxide appears t o  promote the 
formation of new de fec t s  during the i r r a d i a t i o n .  
3.2 Model 
The model that  i s  h e r e i n  described is  i n  agreement w i t h  
our experimental observations.  It is  based on tha t  o r i g i n a l l y  
proposed by A .  S. Grove and includes modifications suggested 
by comments by M. Lambert (RCA) and o thers  a t  the recent  S i l i c o n  
I n t e r f a c e  S p e c i a l i s t  Conference, and the recent ly  reported ob- 
se rva t ions  of Kooi as noted i n  t h e  previous subsection. 
-46- 
The oxide i s  assumed t o  contain a d i s t r i b u t i o n  of donor 
t r a p s .  
hole-electron pa i r s .  Electrons i n  the donor t r a p s  can drop 
i n t o  empty l e v e l s  i n  the valence band (holes), thereby forming 
p o s i t i v e l y  charged donor t r a p s .  Whether a t r a p  is f i l l e d  o r  
empty (neut ra l  o r  pos i t i ve ly  charged,respectively) depends on 
the electrostatic p o t e n t i a l  a t  the loca t ion  of the t r a p  i n  t h e  
oxide. 
The X or gamma i r r a d i a t i o n  ionizes  the S i02  and creates 
Figure 9 s h o w s  how the  charge dens i ty  and the  e l e c t r i c a l  
f i e l d  d i s t r i b u t i o n  i n  the oxide is  affected by the i r r a d i a t i o n .  
Assuming there is no n e t  charge i n  the  oxide before  t h e  
i r r a d i a t i o n ,  the charge d i s t r i b u t i o n  and f i e l d  f o r  a given 
appl ied vol tage a r e  as shown i n  Figure 9a. The charge d e n s i t i e s  
on t h e  t w o  faces of t h e  oxide are equal and opposi te ,  and the 
0 
f i e l d  is  constant  throughout the oxide. As t r a p s  i n  t h e  oxide 
are ionized,  those  above a c e r t a i n  po ten t i a l ,  and therefore  
those t o  the r i g h t  of a given plane i n  the  s t r u c t u r e  remain 
ionized,  w h i l e  those a t  locat ions below t h i s  p o t e n t i a l  a r e  
f a i r l y  quickly r e f i l l e d  with e l ec t rons  f r o m  the ion iza t ions  
of o the r  t r aps .  Figure 9b shows an intermediate s t ep ,  and 
when t h e  s i t u a t i o n  shown i n  Figure 9c i s  reached, the f i e l d  is  
zero t o  t h e  l e f t  of a given plane,  depending on the vol tage,  
and a l l  of t h e  t r a p s  are ionized t o  t h e  r ight  of t h i s  plane. 
-47- 
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For a given uniform t r a p  densi ty ,  the amount of charge contained 
i n  t r aps  can be shown t o  be proportional t o  the square roo t  
of tke voltage.  A f t e r  i r r a d i a t i o n  i s  ended, these ionized 
t r a p s  remain pos i t i ve ly  charged because the conduction band of 
the oxice i s  so far  above the F e r m i  l e v e l  t h a t  there are 
2 r a c t i c a l l y  no e lec t rons  ava i lab le  t o  neu t r a l i ze  the t r a p s ,  
- ~leztrons can 3 s  provided t o  neut ra l ize  these t r a p s  by an 
izcrease i n  tem?erature, an exposure t o  u l t r a v i o l e t  l i g h t  of 
s u f f i c i e n t l y  s h o r t  wavelength, o r  exposure t o  more X-ray or 
r zc i a t ion .  
X00i'~ showed t h a t  the  channel current  of a t r a n s i s t o r  
f irst  increases  and subsequently decreases during a continuing 
izrzii iation. The increase i s  believed t o  be due t o  t h e  ioniza- 
t i o n  of donor t r a p s  i n  the oxide, w h i c h  induces a higher 
dens i ty  of e lec t rons  i n  the accumulation layer .  Further 
i r r a d i a t i o n  causes a decrease i n  the channel current .  This is  
believed t o  be due t o  the formation of s t a t e s  a t  the  s i l i c o n  
sur face  w h i c h  t r a p  carriers and prevent t h e m  from contr ibut ing 
t o  t h e  channel current .  The observed f a c t  t h a t  these states 
a r e  formed i n  w e t  oxides and not i n  dry oxides might be due 
t o  t h e  fac t  that  they already e x i s t  i n  the s i l i c o n  under dry 
oxides before  t h e  i r r a d i a t i o n .  I n  the  w e t  oxides ,  hydroxyl 
groups may be bonded t o  s i l i c o n  atoms. It may be t h a t  u l t r a -  a 
-49- 
v i o l e t  l i g h t  removes hydrogen from the  hydroxyl groups, 
producing an oxygen ion, 
e lec t rons .  
This ion may then be ab le  t o  t r a p  
The observed fact  t h a t  u l t r a v i o l e t  l i g h t  decreases the  
charge more i n  t h e  w e t  oxides than i n  dry oxides might be due 
t o  t h e  f a c t  t h a t  dry oxides have many more e lec t ron  t r aps  at 
t he  oxide-s i l icon i n t e r f a c e  and therefore  fewer e lec t rons  can 
be in j ec t ed  i n t o  the  oxide. 
In review, the  e f f e c t  of rad ia t ion  appears t o  be t h a t  it 
ion izes  var ious impurity and defec t  centers  i n  the  oxide,  
While the p o s s i b i l i t y  e x i s t s  t h a t  the  r ad ia t ion  may induce 
some of t h e  defec t  centers ,  it appears t h a t  most o r  a l l  of 
the  de fec t  sites a r e  due to  impuri t ies ,  such a s  sodium, and 
var ious  la t t ice  defec ts .  Recognizing t h a t  the  amorphous 
s i l i c a  can be expected t o  have a high dens i ty  of la t t ice  
de fec t s ,  it would s t i l l  be reasonable t o  reduce the dens i ty  
of i m p u r i t i e s  and the  ac t ive  
contaminant d e n s i t i e s ,  including hydrogen and water. 
3.3 . P o s s i b i l i t i e s  f o r  Improvement 
de fec t s  by r i g i d  cont ro l  of t h e  
The evidence ind ica tes  that  minute q u a n t i t i e s  of a l k a l i  
ions and hydrogen and water may play a major role i n  determin- 
ing the  radiation-induced degradation of MOS devices.  It 
is reasonable then t o  use  very dry  oxides as a s t a r t i n g  point 
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t o  s tudy the effects of minute q u a n t i t i e s  of introduced w a t e r .  
Tne results may provide the key t o  knowledge of w h e t h e r  NOS 
devices w i t h  improved rad ia t ion  r e s i s t ance  can be made by 
m o r e  p rec i se  cont ro l  of impuri t ies .  
Two kinds of experiments should be undertaken: 
1. V e r y  pure oxides should be prepared w h i c h  are free 
of i o n i c  impuri t ies  and of hydrogen and w a t e r .  The 
effect of rad ia t ion  on such oxides should be deter-  
mined. 
should be introduced i n t o  s i m i l a r  oxides and the 
Minute quan t i t i e s  of water and hydrogen . 
effect of rad ia t ion  on these should be measured. 
It may be necessary t o  use tritium and t r i t i a t e d  
w a t e r  t o  determine m o r e  p r ec i se ly  the effect of 
hydrogen and w a t e r .  
2. It may be impossible t o  reduce the dens i ty  of active 
I 
L; 
defec t  cen ters  i n  the oxide. However, an attempt 
can be made t o  bui ld  barriers i n  t h e  oxide layer  
t o  prevent electrons released f r o m  such donor sites 
f r o m  migrating i n t o  the m e t a l  o r  the s i l i c o n .  I f  
t h e  electrons a r e  confined t o  the  oxide region,  
they can quickly re turn  t o  neu t r a l i ze  the d e f e c t  
sites. Possibi l i t ies  t h a t  might be explored f o r  
s e t t i n g  up such electron barriers include the 
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introduction of th in  layers  of material w i t h  a 
wider band gap, or of doped oxide desisned to  bend 
the energy band t o  f o r m  the proper barrier shape. 
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4. HIGH THRESHOLD VOLTAGE 
4.1 Backqround Information 
A wide v a r i e t y  of oxides formed i n  var ious w a y s  and given 
a var ie ty  of pos t  oxidat ion treatments i n  many laboratories 
contain a fixed p o s i t i v e  charge dens i ty  of about 2 x 10" anp2 
1 1  
or  higher .  
4.1.1 Low Temperature Post Oxidation H e a t  Treatments 
Xumerous experiments have shown t h a t  pos t  oxidation heat 
t reatments  can inf luence the dens i ty  of immobile charge. 
Figure 10 s h o w s  the r e s u l t s  of such treatments a t  200, 300, 400, 
and 5OOOC i n  dry  hydrogen, dry ni t rogen,  and room a i r  ambients a 
for  .a 3000 8 thick oxide on 5R-cm n-type s i l i c o n .  The i n f l e c t i o n  
vol tage  is  defined a s  the voltage a t  the point  of i n f l e c t i o n  i n  
the C-V curve. The measurements w e r e  taken on unmetalized 
oxides using a gold b a l l  probe. The charge was shown t o  be 
immobile a t  4OO0C under a b i a s  of 220 v o l t s  fo r  10 minutes. 
I n  v i e w  of the known effects of w a t e r  on the proper t ies  of  
oxidized s i l i c o n ,  it now seems l i k e l y  tha t  w a t e r  may be playing 
an  important role  i n  such observations as those  shown i n  Figure 10. 
4.1.2 Hiqh Temperature Post Oxidation Heat Treatments 
Experimental da ta  given i n  the F i r s t  Quar t e r ly  Progress 
Report (paragraph 3.4.6) show t h e  e f f e c t s  of baking i n  ni t rogen,  
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Figure 10. E f f e c t s  of heat treatment. 
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helium, and oxygen a t  1200°C, and of t h e  e f f e c t s  of the 
cooling r a t e  a f t e r  such treatments.  
considerably higher  i n f l ec t ion  vol tage results from two hours 
a t  120OoC i n  ni t rogen than from t h e  same baking conditions i n  
helium. The i n f l e c t i o n  voltage w a s  higher i n  a l l  cases a f t e r  
one t o  two hours than  a f t e r  four o r  more hours. The cooling 
rate was shown t o  have a n  important effect on the i n f l e c t i o n  
vol tage,  s ince  slow cooling (over a period of from 1 t o  2 hours) 
yielded higher  values  of i n f l ec t ion  vol tage.  I n  re t rospec t ,  it 
now appears probable t h a t  a l l  of these tests w e r e  influenced 
a t  l e a s t  t o  some exten t  by the presence of uncontrolled amounts 
of moisture. When an oxide is  put  i n t o  a furnace,  adsorbed 
room a i r  moisture can d i f fuse  i n t o  t h e  oxide. When a furnace 
chamber is opened t o  remove an oxide a f t e r  a hea t  treatment,  a 
These data  show t h a t  a 
.back-flow of moist room a i r  occurs t h a t  can contaminate the  
oxide w i t h  water before  t h e  wafer is  cool.  The experiments 
involving slow ccol ing extended t h e  time during which t h e  oxide 
came i n  contact  with moisture-containing room a i r  and therefore  
probably increased the water content of the oxides. 
4.1.3 Comparison of Different  Oxides 
Further r e s u l t s  of the study of threshold vol tage a r e  given 
i n  Table 1 w h e r e  t he  f ixed charge dens i ty  i s  given fo r  a number 
of oxides which w e r e  formed i n  var ious ways and given d i f f e r e n t  
pos t  oxidat ion treatments.  
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Another experiment has shown t h a t  vapor p la ted  A1203 on 
s i l i c o n  contains a negative charge i n  con t r a s t  with the  pos i t i ve  
charge i n  every o ther  oxide tes ted .  mis indica tes  a p o s s i b i l i t y  
tha t  a mixutre of A I 2 0 3  and Si02 i n  t h e  proper proportion w i l l  
y i e l d  a l o w  threshold voltage.  Several  such oxides have been 
formed. They do i n  fact  exhibit a range of threshold voltages, 
b x t  s e e m  t o  have so  many mobile ions and f a s t  trapping states 
tha t  it i s  very d i f f i c u l t  even t o  estimate the fixed-charge 
r 
6s- A 1 a i t y .  -- D-mavan azd Lzwrsnceo havs found t h a t  gold d i f fus ion  
a lso i n h c e s  a pos i t i ve  surface p o t e n t i a l  i n  t h e  s i l i c o n ,  
i n d i c a t i v e  of a negative charge i n  the oxide. 
4.i.4 Surface States 
Cssacitance-voltage measurements of capaci tors  and channel 
conductance-voltage measurements of t r a n s i s t o r s  can be combined 
t o  determine the dens i ty  of s t a t e s  a t  or  near the oxide-sil icon 
in t e r f ace .  The basic information is  derived a s  follows. The 
capacitance-voltage dependence shows the vol tage a t  which t h e  
inversion l aye r  f o r m s  i n  the s i l i c o n .  Measurements of t h e  
conductance of the inversion layer show t h a t  the conductance 
increase  due t o  t h e  formation of the inversion layer  may occur a t  
vo l t agess ign i f i can t ly  d i f f e r e n t  from those a t  w h i c h  the capacitance- 
vo l tage  curve shows the  inversion l aye r  t o  form. T h i s  is i n t e r -  
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of the layer .  
states a t  t h e  oxide-sil icon interface. Kooi has shown16 tha t  
%'ne iizscsity of states is  very s e n s i t i v e  t o  the hydrogen, and 
. t h e r e f o r e  the w a t e r ,  content o f  the  oxide. By means of this 
This provides a means t o  measure t h e  dens i ty  of 0 
s e n s i t i v e  t o o l ,  Kooi has shown t ha t  hydrogen causes such 
states t o  disappear.  Experimental da t a  support the belief that 
water  i n  an oxide reacts w i t h  the aluminum t o  form hydrogen. 
xoreover, a 3OO0C heat treatment i n  hydrogen w i t h  no aluminum 
present  causes these s t a t e s  t o  disappear a t  a s l o w e r  rate than 
a heat treatment i n  nitrogen a t  3OO0C w i t h  aluminum present .  
i n  sone cases there s e e m s  t o  be a pos i t i ve  co r re l a t ion  
between t h e  dens i ty  of s t a t e s  and t h e  f ixed charge i n  the oxide. 
T h a t  is, oxfdes containing minute amounts of w a t e r  have f e w e r  
s t a t e s  and less f ixed charge, u l t r a d r y  oxides have m o r e  of 
each, and phosphorus doped oxides have even m o r e  of each. 
4.2 Model 
0 
The charge involved w i t h  the high threshold vol tage i s  
depicted i n  Figure 1 as f ixed charge. 
a l l  of the oxides tested (except for t h e  A1203 and the gold- 
doped oxide mentioned above.) 
It i s  pos i t i ve  fo r  near ly  
Because the oxide i s  not  s to ich iometr ic  a t  t h e  oxide-sil icon 
in t e r f ace ,  it is  believed t h a t  there are s i l i c o n  atoms w i t h  
dangling b0nCs. A s i l i c o n  atom w i t h  a dangling bond is a 
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s i l i c o n  atom w i t h  only three covalent bonds w i t h  oxygen, 
i s  one ex t r a  e l ec t ron  w h i c h  can leave the s i l i c o n  a t o m  i n  the 
There a 
oxide and d i f fuse  or  d r i f t  t o  the s i l i c o n ,  leaving a posi t ively-  
charged s i l i c o n  atom. If an  oxygen atom, or a hydroxyl, a r r i v e s  
a t  the site it can form a covalent bond, el iminat ing the dangling 
3ond t o  form a stable neu t r a l  s i te .  
The process of thermal oxidation requi res  a s i t u a t i o n  i n  
which t h e r e  i s  an abundance of s i l i c o n  atoms and a def ic iency 
of oxygen atoms i n  the oxide n e a r  the s i l i c o n .  This proportion 
of atoms x k e s  f o r  a high densi ty  of s i l i c o n  atoms having 
dangling bonds. 
It is  believed tha t  oxygen, hydrogen, and hydroxyls are 
capa3le of forming covalent bonds and el iminat ing the dangling 0 
bonds and the fas t  states. 
The observation t h a t  the s t a t e  dens i ty  decreases more 
r ap id ly  during a 3OO0C bake i n  nitrogen when aluminum is present ,  
than during a 3OO0C bake i n  hydrogen without aluminum, suggests 
a chemical r eac t ion  of aluminum and w a t e r  a t  t h e  oxide-aluminum 
in t e r f ace .  Such a reaction may f o r m  hydrogen atoms which l i v e  
long enough t o  pene t ra te  through t h e  oxide before  they recombine 
t o  form hydrogen molecules5. Such hydrogen atoms may be more 
nob i l e  and more a c t i v e  chemically than hydrogen molecules w h i c h  
are  conjectured t o  be involved i n  a bake i n  hydrogen, 
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The degree t o  w h i c h  the various competing reac t ions  occur 
0 t o  f o r m  states or t o  remove them depends on t h e  chemistry and 
the 'electrocfiemistry of the  MOS s t ruc tu re .  
Chemically, oxygen or water a t  s u f f i c i e n t l y  high tempera- 
t u r e s  w i l l  oxidize the s i l i con .  To permit t h i s  reac t ion  to 
proceed, t h e r e  must be an oxygen concentration gradien t  i n  the 
oxide t o  cause the n e t  movement of oxygen t o w a r d  the s i l i con .  
A l t 2 o u g h  the s o l u b i l i t y  of oxygen i n  v i t reous  s i l i ca  has been 
re2orted to be 1.9 x a t  1078OC, it i s  believed t h a t  a t  
room tsm;?erature there is  an oxygen def ic iency near t h e  s i l i c o n  
i n t e r f a c e  of the oxide.  
The rate of oxidat ion can be acce lera ted ,  re tarded or  
0 stopped by an appl ied e l e c t r i c  f i e l d .  Radio-chemical measure- 
ments provide evidence t h a t  a rapid ra te  of exchange takes 
place between oxygen atoms i n  the oxide and those i n  t h e  ambient 
gas.  Further,  the oxidat ion r a t e  has been observed t o  increase 
with increasing oxygen pressure.  These t h r e e  observations 
i n d i c a t e  t h a t  t h e  oxygen moves through the oxide i n  the f o r m  of 
negative oxygen ions.  A f t e r  oxidation one f inds  only pos i t i ve  
charge and the re fo re  one can i n f e r  t ha t  these  negative ions are 
neut ra l ized  as t h e  temperature i s  decreased. The p o s i t i v e  
charge is  believed t o  be oxygen vacancies t h a t  are located i n  
t h e  oxide near  t h e  s i l i c o n  in t e r f ace  because i n  t h i s  region the 
oxide i s  not  s toichiometr ic  during the oxide g r o w t h .  0 
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The effects of d i f f e r e n t  oxidat ion processes and pos t  
ox ida t ion  treatments are due t o  va r i a t ions  i n  the chemical and 
electrochemical reac t ions  caused by d i f fe rences  i n  t h e  impuri t ies  
p re sen t  i n  the temperature cycle. Various impur i t ies  must com- 
p e t e  w i t h  each other for  reac tan ts .  Some may have catalytic 
effects. The chemical equilibrium conditions of the competing 
r eac t ions  m a y  be dependent on the temperature. The t i m e  
schedules of the processing s teps  determine h o w  far t h e  reac t ions  . 
go. Cooling rates may influence the degree to w h i c h  a high 
temperature chemical s ta te  i s  frozen a f t e r  t h e  s t r u c t u r e  is 
cooled . 
There is  no explanation a t  this time for the co r re l a t ion  
I 
between the trapping s ta te  dens i ty  and the fixed-charge densi ty .  
1 
4.3 Possibi l i t ies  for Improvement 
Based on t h e  preceding background information and t h e  model 
discussed above, equipment and techniques w i l l  be developed t o  
more p rec i se ly  cont ro l  minimal amounts of w a t e r  i n  t h e  oxides. 
Pure oxides (free of a lkal i  ions and of w a t e r )  w i l l  be character- 
ized i n  terms of their  f ixed  charge densi ty .  The study of the r 
e f f e c t s  of exposing these oxides t o  w a t e r  vapor i n  known con- 
cent ra t ions  f o r  various t i m e s  and temperatures should y i e l d  
information concerning the effects of t h e  handling and skorage 
of oxides i n  room a i r .  Heat t r e a t i n g  such dry  oxides i n  var ious 
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gaseous ambients for different times and temperatures may 
improve our understanding of the effects of both water and 
various heat treatments. 
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5. ANALYSIS OF RESULTS 
During the p a s t  s i x  months, s i g n i f i c a n t  progress has  been 
m a d e  i n  gaining understanding of the effects of rad ia t ion .  
Radiation has been found t o  cause rapid degradation of MOS 
device c h a r a c t e r i s t i c s .  Most inves t iga tors  agree t h a t  a l l  
kinds of oxides are degraded t o  about the s a m e  extent .  There 
is  evidence t h a t  the degradation r a t e  i s  r e l a t e d  t o  the hydroxyl 
content of the oxide. A model has been developed which is 
s u f f i c i e n t l y  accurate  t o  enable explanation of the ava i l ab le  
data. 
0 To study the problems of i n s t a b i l i t y  and high threshold 
vol tage of MOS devices ,  MOS capacitors have been prepared from 
,. 
I i 
a v a r i e t y  of oxides and with various post-oxidation treatments.  
Within the  l i m i t s  of experimental accuracy, none of the oxides 
has been found t o  be s i g n i f i c a n t l y  freer of charge than  the 
thermally grown oxide. It i s  possible that  the effects of 
minute q u a n t i t i e s  of w a t e r  influenced the r e s u l t s .  
H e a t  treatments a t  3OO0C have yielded s l i g h t  reductions 
i n  t h e  fixed-charge dens i ty  i n  oxides.  
The effects of baking oxides i n  ni t rogen,  oxygen, and 
Such baking can cause helium a t  120OOC have been s tudied.  
l a r g e  changes i n  the fixed-charge densi ty .  Th’e rate of cooling 
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f r o m  120OOC w a s  found t o  have an important inf luence on the 
fixed-charge densi ty .  The observed effects are now believed 
t o  kkve been affected by the presence of uncontrolled amounts 
of water. 
.. 
An important p a r t  of the first s i x  months of this program 
has been the co l l ec t ion ,  analysis ,  and review of t h e  published 
or reported work done by other experimenters i n  the f i e l d  of 
NOS devices. This has provided a broad base for  the experi-  
mental analyses required i n  t h i s  program. 
0 
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6 .  FUTURE WORK 
Based on the information described i n  t h e  preceding 
sec t ions ,  the following work  is planned: 
The charac te r iza t ion  and evaluat ion of var ious oxides 
w i l l  be continued. 
Techniques and equipment w i l l  be developed t o  control  
L o minimal l e v e l s  the water content of oxides during oxidat ion,  
haEdling, and s torage.  Such dry oxides w i l l  be characterized 
f o r  30th f ixed and m o b i l e  charge. The effects of exposure t o  
water vapor for  var ious t i m e s  and a t  var ious temperatures w i l l  
be s tudied  t o  establish t h e  effects of water introduced during 
the regular  handling and s torage of oxides.  
Further work w i l l  involve the study of h e a t  treatment 
effects on dry  oxides t o  determine t o  w h a t  degree previous 
work w a s  influenced by water. If  t h e  previous w o r k  i s  found t o  
have Seen s i g n i f i c a n t l y  influenced by w a t e r ,  some of that  work 
w i l l  be repeated i n  a search fo r  processing techniques t ha t  
w i l l  y i e l d  improved devices and improved understanding. 
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7. CONFERENCES AND PUBLICATIONS 
Personnel involved with t h i s  program have attended the 
following conferences, gaining information pe r t inen t  t o  the 
r e a l i z a t i o n  of the program objectives:  
Electrochemical Society Spring Meeting, S a n  Francisco, 
Cal i fornia ,  May 9-13, 1965, 
S'olid State Device Research Conference, Princeton, 
Kew Jersey, June 21-23, 1965, 
IEEE Annual Conference on N u c l e a r  and Space Radiation 
E f f e c t s ,  Ann Arbor, Michigan, Ju ly  12-15, 1965, 
Electrochemical Society F a l l  Meeting, Buffalo, New York ,  
October 11-14, 1965, 
. i n t e rna t iona l  Electron Devices Meeting, Washington, D. C., 
October 20-22, 1965, 
S i l i c o n  In te r face  S p e c i a l i s t s  Conference, L a s  Vegas, 
Nevada, November 15-16, 1965, 
Fourth Annual Symposium on the Physics of Fa i lure  i n  
Electronics ,  Chicago, I l l i n o i s ,  November 16-18, 1965. 
The S i l i c o n  In t e r f ace  Spec ia l i s t s  Conference is  discussed i n  
f u r t h e r  d e t a i l  on the following pages. A l i t e r a t u r e  review 
derived f r o m  w o r k  done on this program and compiled by E. Schlegel 
was  d i s t r i b u t e d  a t  the conference. This l i t e r a t u r e  r e v i e w  con- 
t a ined  &de l ist  of references included i n  the F i r s t  Quar t e r ly  
Report p lus  the references that  w e r e  added between September 10 
and November 1, 1965. 
UP to  date t o  December 8, 1965. 
Appendix A of this repor t  br ings the l is t  
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Failco personnel pa r t i c ipa t ed  i n  organizing and arranging a 
s 2 e c i a l i s t s  ' conference, the  IEEE-sponsored S i l i c o n  In t e r f ace  
S p e c i a l i s t s  Conference, he ld  i n  L a s  Vegas, Nevada, November 15 
and 16, 1965. The purpose of the conference w a s  to br ing  together  
a snail group of s p e c i a l i s t s ,  ac t ive ly  engaged i n  the f i e l d  of MOS 
physics3 technolow, or re la ted  areas, i n to  an infom-al workshop 
atmosphere w h e r e  a free exchange of ideas  and discussion could 
l ead  to an increase i n  knowledge and understanding of s i l i c o n  
in t e rzace  phenomena. Arrangements w e r e  made t o  have four techni- 
cal s2ecialists i n  the f i e l d  of g l a s s  p rope r t i e s  and i o n i c  
conduct iv i ty  of glasses  and of fused quartz a t t end  the e n t i r e  
meeting, and to present  i n v i t e d  review papers. 
me i n v i t e d  s p e c i a l i s t s  included: Professor A. E. Owen of 
t h e  Department of G l a s s  Technology of the University of Sheff ie ld ,  
England; Professor J. P. Roberts of the C e r a m i c s  Division of the 
Universi ty  of Leeds,  England; Dr. A. Herczog of  Corning G l a s s  
Works, &search Center, Corning, New York; and D r .  M. E. Milberg 
of Ford Motor Company, S c i e n t i f i c  Laboratories,  Dearborn, Michigan. 
The i n v i t e d  papers w e r e  presented susequent t o  the sess ions  
i n  w h i c h  MOS device phenomena, theor ies  and observations w e r e  
covered, thus enabling the speakers t o  include p e r t i n e n t  comments 
r e l a t i v e  t o  MOS phenomena i n  t h e i r  discussions.  ' --e 
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Tie four i n v i t e d  technica l  s p e c i a l i s t s  performed seve ra l  
va luable  functions.  They reviewed the i r  own work and that of 
o tke r  glass s p e c i a l i s t s ,  point ing ou t  a number of s i g n i f i c a n t  
references and experimental observations. 
able knowledge r e l a t i v e  t o  the s t r u c t u r e  of glasses and concerning 
electrical conduction and ion  migration i n  glasses.  Considerable 
info,-;nation about the proper t ies  of fused s i l i c a  w a s  presented. 
Fsrl~aps most valuable w a s  the enphasis placed upon the effects 
of w a t e r  on t3e proper t ies  of v i t reous  si l ica.  This included 
They summarized ava i l -  
- n  ,.e ZiSfarences between the e f f e c t s  of w a t e r  introduced by 
vzriczs 2rocesses. Also, t;?e i c ~ s r a c z f o n s  between ca t ions  such 
as hydrogen and aluminum o r  hydrogen and sodium w e r e  discussed. 
For exanple, 5ydroxyl formed by protons which replace N a  i n  fused 
s i l i ca  is  much more stable than hydroxyl introduced by baking i n  
hydrogen or w a t e r .  
A f t e r  the S i l i c o n  In t e r f ace  Specialists Conference, D r .  Owen 
v i s i t e d  Lansdale and served, under NASA subcontract,  as a consult-. 
a n t  t o  Phi lco on ion migration i n  glass-like materials r e l evan t  
t o  MOS ~ device c h a r a c t e r i s t i c s  and s t a b i l i t y .  
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